Abstract. Bovine cumulus cells after oocyte maturation were cultured under serum-starvation condition or grown to confluence. Their cell size, cell cycle phases, and developmental potential as donors for nuclear transfer (NT) were investigated. The majority of trypsinized cells of both cultures were found within the medium size range (15-20 µm). Flow cytometric analysis revealed that small-and medium-sized cells had significantly higher percentages of nuclei existing in the G0/G1 phase (95-98%) than large-sized cells (82%) regardless of the culture conditions. Serumstarved cells of different sizes (small, 9-14 µm; medium, 15-20 µm; large, 21-26 µm) had the same fusion rate, cleavage, development to blastocysts, and blastocyst cell number of NT embryos. NT embryos reconstituted from serum-starved and confluent medium-sized cells showed the same developmental rate. These results indicate that the most available medium-sized cells derived from both serum-starvation and confluent cultures can be used as a G0/G1-phase nuclei source. Key words: Bovine, Cell size, Cumulus cells, Nuclear transfer.
than larger cells when serum-starved cultured porcine fetal fibroblasts were used as donor nuclei in the nuclear transfer (NT) procedure [2, 3] . In view of this, one could imagine that the use of small donor cells would lead to higher embryonic development after nuclear transfer. However, small and large mouse cumulus cells that are naturally arrested in the G0 phase seldom support the development of reconstituted embryos beyond the 8-cell stage [4] . In this respect, no available study concurrently investigated the cell cycle phase of the donors as related to the cell size and the consequent development after nuclear transfer.
The recent success in getting live offspring after somatic cell nuclear transfer using fetal fibroblasts [5, 6] , adult mammary gland cells [6] , and cumulus cells [7, 8] indicates that successful reprogramming of donor chromatin from differentiated cells may be related to serum starvation of donor cells which uccessful production of offspring derived after somatic cell nuclear transfer depends upon a variety of factors. The most important factor identified thus far is the appropriate cell cycle coordination of donor nuclei and recipient oocytes [1] . To condense normally and maintain correct ploidy, donor nuclei in the G0/G1 phase should be transferred to metaphase II (MII) arrested oocytes with a high level of maturation promoting factor (MPF). Another factor that may be of importance is the size of the donor cell. Recent flow cytometric study of porcine fetal fibroblasts [2] showed that as the cell size decreased, the percentages of cells existing in G0+G1 and G0 phases increased significantly. In addition, small cells were more likely to have nuclear formation are presumed to have exited the normal cell cycle, and are arrested in the G0 phase. However, live calves have also been born after nuclear transfer using cycling fetal fibroblasts [9, 10] . No attempts were conducted to use confluent cells, which are known to naturally be quiescent due to contact inhibition [11] . Confluent porcine fetal fibroblasts [2] and mammary gland cells [12] contain high percentages of G0/G1 phase cells.
The present study was planned to investigate the cell size and cell cycle phase distribution of the cumulus cells derived from both serum-starved and confluent cultures. Their developmental potential as donor nuclei for nuclear transfer were also investigated. Cumulus cells were selected as a model of adult somatic cells since they can easily be obtained from abattoir oocytes, and because of the recent encouraging successful reports and the birth of live offspring [7, 8] .
Materials and Methods

Recipient oocyte preparation
Abattoir-derived oocytes matured in vitro were enucleated at MII stage as described elsewhere [13] . Briefly, cumulus-oocyte complexes (COCs) aspirated from small antral follicles were washed three times with HEPES-buffered modified Tyrode's medium (TALP-HEPES) supplemented with 3 mg/ml BSA (Fraction V, Sigma Co., St. Louis, MO, USA), 0.2 mM sodium pyruvate (Sigma) and 50 µg/ml gentamycin sulfate (Sigma). The oocytes were then cultured for 18 to 20 h in HEPESbuffered TCM 199 (Gibco Laboratories, Grand Island, NY, USA) supplemented with 10% fetal calf serum (FCS, Gibco), 0.02 units/ml FSH (from porcine pituitary, Sigma), 1 µg/ml estradiol 17β (Sigma), 0.2 mM sodium pyruvate, and 50 µg/ml gentamycin sulfate under a humidified atmosphere of 5% CO2 in air at 39 C. Cumulus cells were removed by vortexing the COCs in 0.1% hyaluronidase (Type 1-S, Sigma) in Ca 2+ -and Mg 2+ -free Dulbecco's PBS. Denuded oocytes were enucleated by removing the first polar body and approximately 20% of the adjacent cytoplasm in a micromanipulation drop of TALP-HEPES supplemented with 10% FCS and 5 µg/ml cytochalasin B (Sigma). After enucleation, cytoplasts were incubated in TALP-HEPES containing 5 µg/ml Hoechst 33342 (Sigma) for 15 min at 39 C. Enucleation was confirmed by exposing oocytes to UV light for a few seconds under an inverted microscope (Diaphot-TMD, Nikon, Tokyo, Japan) equipped with an epifluorescence and UV-2A filter block (330-380 nm excitation and 420 nm emission).
Donor cell preparation
A primary cell line was established from the cumulus cells collected 18 to 20 h after the start of maturation culture. The cumulus cells were separated with 0.1% hyaluronidase (Type 1-S, Sigma) dissolved in Ca 2+ -and Mg 2+ -free Dulbecco's PBS and washed several times in DMEM/F12 (Gibco). To determine the concentration and viability of the separated cells, small part of the cell suspension was stained by adding equal volume of 0.3% (w/v) trypane blue (Kanto Chemical Co., Inc, Tokyo, Japan) in Dulbecco's PBS for 1 min. Using a hemocytometer, the cells were counted and the proportion of viable cells were determined. Cells were then cultured (8-9 × 10 4 live cells/ml) in DMEM/F12 (Gibco) supplemented with 10% FCS (Gibco) in 35 × 10 mm dishes (Falcon 3801, Becton Dickinson Labware, Franklin Lakes, NJ, USA) under a humidified atmosphere of 5% CO 2 in air at 37 C. Cultured cells were either allowed to multiply for 3-4 days followed by another 3-4 days of culture in DMEM/F12 + 0.5% FCS to induce quiescence, or allowed to grow for 7-9 days to reach confluence. After the designated culture period, the cells were disaggregated by trypsinization with Ca 2+ -and Mg 2+ -free Dulbecco's PBS containing 0.1% (w/v) trypsin (Sigma) and 0.1% (w/v) EDTA (Kanto Chemical) and used as donor nuclei.
Characterization of donor cells
Disaggregated cells from serum-starved cultures and cultures grown to confluence were characterized in terms of cell size, cell cycle phases of different cell sizes, and chromosome count. Cell size was measured using the ocular scale under an inverted microscope (× 400). The cell size of the most frequently available cells was designated as medium size.
The cell cycle phase distribution was determined by measuring the DNA content of individual cells by flow cytometry. Cells were washed with Ca 2+ -and Mg 2+ -free Dulbecco's PBS, and then pelleted by centrifugation at 290 × g in a refrigerated centrifuge at 4 C. The pelleted cells were fixed in 70% ethanol, and stored at 20 C. Just prior to flow cytometric analysis, individual samples were washed with Ca 2+ -and Mg 2+ -free Dulbecco's PBS, and incubated with 200 µg/ml RNase A (Boehringer Mannheim GmbH, Mannheim, Germany) dissolved in distilled water for 30 min at 37 C. Cells were then stained with 50 µg/ml propidium iodide (Sigma) dissolved in Ca 2+ -and Mg 2+ -free Dulbecco's PBS, and were filtered through nylon mesh with 50 µm pores (Kyoshin Riko, Tokyo, Japan) immediately before analysis. Fluorescence obtained from 1 × 10 4 cells per sample was measured with an Epics XL-MCL flow cytometer (Beckman Coulter Inc., Fullerton, CA, USA) using a 620-nm filter. The cell cycle distribution was determined using Epics XL system II software. The effect of cell size on the distribution of cells in the various phases of the cell cycle was determined using forward light scatter to separately gate on small, medium, and large cells and subsequent calculation of G0/G1, S, and G2/M percentages within different gates. Gating for different cell sizes was achieved guided by the microscopically measured cell-size plotted histograms.
Chromosome counts of cultured cumulus cells were determined as described elsewhere [14] . Briefly, cumulus cells from serum-starved and confluent cultures were separately subcultured for 48 h in DMEM/F12 supplemented with 10% FCS and treated with 0.05 µg/ml colcemid (Gibco) for 3 h. The cells were then trypsinized and centrifuged at 250 × g for 5 min. The pellet was resuspended in 0.075 M KCl for 30 min at 37 C to allow swelling. Afterwards the suspended cells were centrifuged again, and fixed in ice-cold fixative (acetic acid:methanol, 1:3, v/v) overnight before being separated onto microscope slides. For chromosome counting the slides were stained with 3% (v/v) Giemsa's solution (Merck, Dramstadt, Germany) for 10 min.
Production of nuclear transfer embryos
Trypsinized cumulus cells were inserted individually in the perivitelline space of the recipient cytoplast. Manipulated couplets were placed between two electrodes (0.5 mm apart), overlaid with 0.3 M mannitol solution containing 0.1 mM CaCl 2 and 0.1 mM MgCl 2 . Cell fusion was induced by 2 DC pulses of 0.9 kv/cm, for 40 µsec, 1 sec apart delivered to the chamber using a BTX Electro Cell Manipulator 2001 M (BTX, San Diego, CA, USA). Successfully fused couplets were incubated in the embryo culture medium supplemented with 10 µg/ml cycloheximide (Sigma) under a humidified atmosphere of 5% CO2 in air at 39 C for 5-6 h. They were then thoroughly washed and subsequently cultured in the embryo culture medium (mSOFai) [15] supplemented with 1 mM glucose and 3 mg/ml fatty acid-free BSA (Sigma) instead of PVA under 5% CO2, 5% O2, and 90% N2. The cleavage rate was determined at 33 h after fusion. Development to blastocysts and the cell count [16] were checked 174 h post-fusion.
Statistical analysis
Data were subjected to analysis of variance followed by Fisher's protected least significant difference test by using StatView (Abacus Concepts Inc., Berkeley, CA, USA).
Results
Characterization of donor cells
The morphologies of cultured cumulus cells at different stages are shown in Fig. 1 . The cell size distribution of the serum-starved cells and the cells cultured to confluence revealed that the majority of the cells (65.5 and 69.0%, respectively) were within the medium size (15-20 µm) range (Fig. 2) .
Typical flow cytometric DNA content histograms of the different cell sizes from serum-starved and confluent cultures are shown in Fig. 3 . As shown in Table 1 , the computer-analyzed histograms showed that the percentages of nuclei existing in the G0/G1 phase for the small and medium cell populations were significantly higher than those for large ones under both culture conditions (P<0.05). However, the large cells in both culture groups still had more than 80% of their nuclei in the G0/G1 phase. The percentages of cells in the S and G2/M phases for large cells were higher than those for small-and medium-sized ones in serumstarved (P<0.05) and confluent cultures (P<0.01).
High proportions of the metaphase spreads showed normal chromosome counts in serumstarved (73.7 ± 6.6%, mean ± SD of 3 replicates) and confluent cells (78.2 ± 6.0%, mean±SD of 3 replicates).
Development of nuclear transfer embryos
In the first experiment, the development of embryos reconstituted from serum-starved donor cells of different sizes was investigated. Large cells had a greater tendency to fuse with the recipient cytoplast than small-and medium-sized ones, but no significant difference was detected (P>0.2). Embryos reconstituted from small, medium, and large cells equally cleaved and developed to the blastocyst stage (Table 2) .
Using medium-sized cells, the second experiment compared the developmental efficiency of embryos reconstituted from donor cells of serum-starved and confluent cultures. Serum-starved and confluent donor nuclei supported the development at the same rate (Table 3 and Fig. 4 ).
Discussion
In the previous studies on cattle somatic cell NT [8] [9] [10] 17] , no specified donor cell size was mentioned. In bovine embryonic cell lines cultured under non-serum-starvation conditions, it is generally accepted that small cells have divided more recently, and therefore are earlier in the cell cycle (G1 phase) [18] . Recently, pig cell cycle studies showed that large cells derived from cycling cultures of fetal fibroblasts [2] and mammary glands [12] were mostly in the G2/M phase, and that serum-starved and confluent cultures had large cells containing higher percentages of G0/G1-phase nuclei compared to the cycling ones. Under serumstarvation conditions, growth in size and cell cycle progression are dissociated (unbalanced growth) [19] [20] [21] . After serum starvation, cells in the G1 phase before the restriction point will enter the G0 phase. Those that have passed the restriction point, or are in the S and G2 phases, cease to increase in size due to decreased protein synthesis, and proceed in their cell cycle with the small size as scheduled [19, 22, 23] . When these small cells cleave, they will be smaller than those that have directly entered the G0 phase. In porcine fetal fibroblasts [2] , the percentages of G0/G1 nuclei in large cells under serum-starvation and confluent cultures were 47 and 60%, respectively. Those from the mammary gland [12] were 68 and 65%, respectively. We obtained higher values for serumstarved and confluent cultures (83 and 82%, respectively). This difference in the percentage of G0/G1 nuclei among the large cells between previous and our studies could be due to the difference in gating, species, and types of cells, as different cell populations are affected differently by serum starvation [24] and probably by culture to confluence. Our fusion rate was comparable with that of a previous report that used cumulus cells [8] . Contrary to what was expected, serum-starved large cells did not have significantly higher fusion still not sufficient to attain proper fusion under the present conditions, since other works have reported higher fusion rates using cumulus cells [7] . Donor nuclei derived from cultured embryonic cells [1, 25] and somatic cells [7] must be in the G0 or G1 phase, when they are transferred to MII oocytes with a high level of MPF activity. This is necessary to maintain correct ploidy of subsequent embryos at the end of the first cell cycle. In pig nuclear transfer work, it was reported that the rate of nuclear formation doubled in reconstructed embryos from small fetal fibroblasts compared to large ones [2] . This result was expected as the data showed that the percentage of G0/G1 nuclei almost doubled in the case of small fibroblasts compared to large cells. In the present study, although large cells showed significantly lower percentages of G0/G1 phase nuclei, they supported the development to the blastocyst stage at the same rate as small and medium-sized ones. This finding suggests that the present difference obtained in the G0/G1 phase (82-98%) among different cell sizes under serum-starvation conditions is negligible, or that in the case of a low fusion rate the difference could not be easily detected. Although the similar development to the blastocyst stage was obtained using the cells of different sizes, it is not known which cell size population would be more amenable to support normal full-term development. Wells et al. [26] reported that most of the abnormal fetuses lost during the late gestation period were derived from large donor cells. A further transfer experiment is needed to investigate the potentiality and normality of NT embryos reconstituted from cells of different sizes.
The medium-sized cells were chosen for the following experiment, as they have G0/G1-phase nuclei the same as small cells and are most frequently available.
They can therefore, technically be easily selected and oriented to the oocyte to achieve better cell contact. The higher percentage of cells in the G0/G1 phase in serumstarved and confluent cultures clearly exhibited the same developmental rate when both sources of nuclei were used as donors. Confluent cells are reported to have a lower percentage of G0 nuclei than serum-starved ones [2, 12] . If this is the same in our case, it would appear that G0 and G1 nuclei result in similar development. Cibelli et al. [10] and Zakhartchenko et al. [9] had full-term development from cycling bovine fetal fibroblasts, which were most probably in the G1 phase if their cell cycle was similar to that in pig cell cycle studies [2, 12] . Tao et al. [3] reported that both serumstarved and confluent pig fetal fibroblasts exhibited similar pronuclear formation after NT.
In conclusion, the results of the present study indicate that the most available medium-sized cells derived from both serum-starved and confluent cultures have mostly G0/G1-phase donor nuclei and can be recommended as nuclear donors.
